1. Introduction {#s1}
===============

Results on pain sensitivity in the existing literature are mixed but generally show a smaller range of intensities between pain threshold and tolerance, where pain threshold is increased while pain tolerance is decreased.^[@R9],[@R11],[@R15]^ Besides, only a few studies have assessed the effects of age on pain-modulatory mechanisms, such as those underlying the temporal summation (TS) of pain. Based on the studies examining this question, the effect of age on pain TS is unclear (Table [1](#T1){ref-type="table"}). In one study, the effect of age on heat pain TS was location specific^[@R10]^; the young group showed a significant TS of second pain on the forearm and leg, whereas elders reported second pain TS on the forearm but not on the leg. Another study showed a lower threshold for heat pain TS on the arm in elders with significant TS at 47°C, 50°C, and 53°C, whereas young individuals showed pain TS at 53°C only.^[@R4]^ The importance of the test stimulus modality was also highlighted in a subsequent study, where elders showed more TS with heat pain, while no difference was observed with mechanical pressure pain.^[@R16]^ Another study used electrical stimulation applied to the sural nerve and recorded the RIII-reflex.^[@R6]^ In this case, TS of pain was observed at a lower frequency in elders (0.2 Hz) compared with younger individuals (0.33 Hz). However, TS of the RIII-reflex was observed only at 2 Hz and no age-related difference was observed. Using electrical stimulation at 2 Hz, Neziri et al.^[@R22]^ reported a decrease in pain and RIII-reflex TS threshold with aging, but with a negligible quantitative impact. Another study compared middle-aged with older individuals on TS of heat pain (forearm and leg) and pressure pain (hand and knee), as well as on analgesia induced by heterotopic noxious counterstimulation (HNCS).^[@R24]^ The 2 groups failed to show pain inhibition during HNCS, and greater heat pain TS was observed at the forearm in elders compared with middle-aged. Taken together, despite some discrepancies depending in part on methodological issues, these results generally suggest a trend towards enhanced TS in elders.

###### 

Summary of studies on age-related differences in TS.
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Some authors have proposed that enhanced TS sometimes observed in older individuals may reflect a deficit in descending pain inhibitory controls.^[@R6],[@R16]^ This is consistent with several studies showing a smaller analgesic effect of HNCS in elders.^[@R5],[@R13],[@R19],[@R25],[@R35]^ Heterotopic noxious counterstimulation is commonly used to test the integrity of some endogenous pain inhibitory mechanisms, including descending pathways inhibiting spinal nociceptive transmission (eg, diffuse noxious inhibitory controls).^[@R18]^ We recently reported an age-related decrease in HNCS analgesia.^[@R19]^ Here, we report the results of a TS experiment conducted with the same participants. We hypothesized that elders would show TS at lower frequencies and a steeper TS slope compared with younger individuals. Moreover, we tested the possibility that individual differences in TS would be related to the age-related decrease in HNCS analgesia that was reported in the same participants earlier.^[@R19]^

2. Materials and methods {#s2}
========================

2.1. Ethics approval {#s2-1}
--------------------

All experimental procedures conformed to the standards set by the latest revision of the Declaration of Helsinki and were approved by the Research Ethics Board of the "Institut universitaire de gériatrie de Montréal." All participants gave written informed consent, acknowledging their right to withdraw from the experiment without prejudice, and received compensation of \$50 for their travel expenses, time, and commitment.

2.2. Participants {#s2-2}
-----------------

A total of 45 healthy volunteers were recruited among participants from the registry of the research center at the "Institut universitaire de gériatrie de Montréal," and by advertisement on the campus of the "Université de Montréal." Participants were excluded if they presented chronic pain syndromes, psychiatric disorders, neurological disorders, metabolic disorders (diabetes), and vascular disorders (eg, lower limb arteriopathy) or used medication that could alter pain perception and modulation 2 weeks before the experiment, including antihypertensives, anxiolytics, antidepressants, and other psychotropic agents. During the screening phone call, participants were asked to abstain from consuming alcohol at least 1 day before experimentation and refrain from consuming tea and coffee on the day of the experiment. Two groups of participants were tested, including 21 young persons, 10 women and 11 men, ranging between 18 and 46 years of age (mean age: 28.8 ± 9.1 years), and 24 older persons, 14 women for 10 men, ranging between 56 and 75 years of age (mean age: 63.4 ± 5.7 years). Based on a self-rated audition and vision questionnaire, all participants reported normal or corrected perceptual abilities (Table [2](#T2){ref-type="table"}). The study included HNCS and TS experiments that were conducted on the same day in the same participants. Results of these 2 experiments are reported separately; the HNCS experiment was reported in the study by Marouf et al. and the TS experiment is reported in this article. However, to test the possibility that individual differences in TS could be related to an age-related decrease in HNCS analgesia, a correlation analysis was performed between TS data reported here and HNCS data reported in the study by Marouf et al.

###### 

Characteristics of participants.
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2.3. Experimental design {#s2-3}
------------------------

This study relied on a mixed design to examine the effects of stimulus repetition and repetition frequency on pain ratings and RIII-reflex amplitude, in 2 groups of participants: young (n = 21) and elders (n = 24). At the beginning of the 120-minute session, subjects filled questionnaires and performed cognitive tests. Then, the RIII-reflex and pain thresholds were determined. Subsequently, the TS session was performed. A period of 30 minutes allowed participants to rest from the electrical stimulation procedures and to fill other questionnaires. Finally, the HNCS experiment was conducted followed by a computerized Stroop task (this part of the study was reported earlier, see [@R19]).

2.4. Painful electrical stimulation {#s2-4}
-----------------------------------

Transcutaneous electrical stimulation (trains of ten 1-millisecond pulses at 333 Hz) was delivered with an isolated DS7A constant current stimulator (Digitimer Ltd, Welwyn Garden City, United Kingdom) triggered by a train generator (Grass Medical Instruments, Quincy, MA) and controlled by a computer running E-Prime2 (Psychology Software Tools, Sharpsburg, PA). Degreased skin over the retromaleolar path of the right sural nerve was stimulated by a pair of custom-made surface electrodes (1 cm^2^; 2 cm interelectrode distance). The RIII-reflex threshold was determined using the staircase method including 4 series of stimuli of increasing and decreasing intensity.^[@R23],[@R36]^ Each series always began with an intensity of 1 mA and was followed by increments of 1 mA until the subject reported pain intensity of 70 on the 0 to 100 pain rating scale (see below). Stimulus intensity was then decreased by steps of 1 mA. The intensity--response plot was then created offline, and the RIII-reflex threshold was determined as the intensity producing a response above background electromyographic (EMG) activity in at least 50% of trials (ie, responses exceeding the upper limit of EMG activity recorded at lower intensities according to the individual stimulus--response plot). The intensity of stimulation was then adjusted at 120% of the RIII-reflex threshold, and a series of 10 stimuli was administered to insure stability of responses (otherwise threshold assessment was repeated). Stimulus intensity remained constant at 120% of the RIII-reflex threshold for the remaining of the experiment. The mean intensity at which the subject began to feel pain determined the pain threshold.

2.5. Temporal summation protocol {#s2-5}
--------------------------------

To assess TS, a series of 5 stimuli (120% of individual RIII thresholds) was administered at different frequencies (0.17, 0.33, 0.66, 1, and 2 Hz). Three TS trials were presented for each frequency, for a total of 15 trials (75 stimuli). In addition, an equal amount of 15 control trials was delivered, which included only 1 stimulus (total of 90 stimuli). Altogether, a total of 30 trials were delivered with a variable intertrial interval of 15 to 30 seconds. Trials were presented in a pseudorandom order to avoid sequence-order effects. Randomization excluded consecutive trains at 2 Hz. Each of the 30 trials was followed by pain rating (Fig. [1](#F1){ref-type="fig"}).

![Temporal summation protocol. In total, 3 trials of 5 electrical stimuli (black vertical lines) for each frequency (0.17, 0.33, 0.66, 1, and 2 Hz) and fifteen single stimuli (control trials) were applied in a pseudorandom order with an ITI of 15 to 30 seconds. Part of these trials (T1, T2...T9) is illustrated. The intensity of the stimulation was 120% of RIII-reflex threshold. Participants rated pain intensity after each trial (red arrow) during the ITI. ITI, intertrial interval.](jop-156-1945-g003){#F1}

2.6. Heterotopic noxious counterstimulation {#s2-6}
-------------------------------------------

The HNCS experience was then conducted (see [@R19]). The HNCS paradigm lasted 13 minutes and included 80 single electrical stimuli (120% of individual RIII thresholds) administered with an interstimulus interval of 6 seconds. The first 5 stimuli were excluded from the analyses to control for the rapid habituation effect occasionally observed on the first few trials of a series of RIII measurements. The subsequent 75 stimuli were distributed equally in 5 sequential conditions with an interval of 12 seconds between conditions: baseline (n = 15), HNCS (n = 15), and 3 blocks of recovery after removing HNCS (3 times n = 15). Heterotopic noxious counterstimulation was produced by placing an ice pack on the contralateral forearm for 2 minutes (surface temperature about −13°C). Shock pain was rated after the last shock of each experimental block. Cold pain was also rated at the end of the HNCS block. The HNCS effect on the RIII was calculated by subtracting the mean RIII-reflex amplitude of the HNCS block from that of the baseline block.

2.7. RIII-reflex measure and analyses {#s2-7}
-------------------------------------

Electromyography of the short head of the biceps femoris was recorded with a pair of surface electrodes (EL-508; Biopac Systems, Inc, Goleta, CA). The signal was amplified 1000 times, bandpass filtered (100-500 Hz), digitized, and sampled at 1000 Hz. Electromyographic data were analyzed using AcqKnowledge 4.1 (Biopac Systems, Inc). The raw EMG recordings were transformed using the root mean square with a window of 10 milliseconds. The resulting signal was integrated between 90 and 180 milliseconds after the stimulus onset to quantify RIII-reflex amplitude to each shock. These values were *z*-normalized using the mean and SD of the response across the 90 stimuli (*z*-score = \[response i − mean of all 90 responses\]/SD of all 90 responses). For the group analysis, 6 mean values were calculated from the *z*-scores; the mean control value was obtained by averaging the 15 control responses (single stimuli); the mean value of TS trials for each frequency was calculated by averaging the responses of the 3 trials, for each of the 5 stimuli in the series, ie, mean of the first, second, third, fourth, and fifth stimulus. Temporal summation of the RIII-reflex was calculated as the difference between the mean response to the fifth stimulus in the series and the mean response to the single-stimulus control. The slope of RIII-reflex TS was also calculated for each frequency. This was done by calculating the geometric mean of RIII-reflex amplitude across the 3 trial repetitions for each of the 5 stimulus rank (ie, stimulus 1-5 for each TS condition). A TS curve was obtained for each frequency and each subject, and the slope of the linear fit was then extracted and used as the TS slope.

2.8. Pain ratings {#s2-8}
-----------------

Participants rated shock pain intensity verbally using a visual numerical (0-100) pain rating scale displayed horizontally on the wall facing the participants with 2 verbal anchors at the left (0: no pain) and right extremities (100: extremely intense). Participants were instructed to rate pain after each trial. For the TS trials, they were instructed to rate the last (fifth) stimulus of the series. For the group analysis, 6 values were calculated; the mean control value was obtained by averaging the 15 control ratings; the mean value of TS trials for each frequency was calculated by averaging the responses for the 3 trials. For each frequency, the TS effect on pain was calculated as the difference between the mean rating of the control trials and the mean rating of the fifth stimulus. For presentation purposes and statistical analyses, pain ratings were converted to percent change compared with control trials.

2.9. Questionnaires {#s2-9}
-------------------

State and trait anxiety was assessed using the validated French version of Spielberger\'s State--Trait Anxiety Inventory.^[@R34]^ Pain catastrophizing was assessed using the French version of trait Pain Catastrophizing Scale.^[@R3]^ Subjects completed questionnaires before the pain tests. The elderly volunteers were screened for cognitive impairment using the Mini-Mental State Examination.^[@R7]^ A score above 26 was required for inclusion in the study (all recruited volunteers scored above 27). Depression was assessed using the French version of the Beck Depression Inventory^[@R1]^ for the young group and by the Geriatric Depression Scale for the elderly group.^[@R2],[@R37]^ Participants were also asked to perform the similitudes and the digital symbol coding tests (subtest of WAIS-III).^[@R20]^

2.10. Statistical analyses {#s2-10}
--------------------------

All results are expressed as mean ± SD. Data were analyzed using SPSS version 17 (SPSS Inc, Chicago, IL) with significance thresholds set to *P* ≤ 0.05. Basic group differences in questionnaire scores and pain/RIII thresholds were assessed using independent 2-sample *t* tests. Pain ratings were compared between groups for the control and the 5 TS frequencies (control, 0.17, 0.33, 0.66, 1, and 2 Hz) using a mixed-model analysis of variance (ANOVA), with Group (2) as a between-subject factor and Frequency (6) as a within-subject factor. The modulation of the RIII-reflex amplitude was also assessed using a mixed-model ANOVA with Group (2) as a between-subject factor and Frequency (5) and Stimulus rank (first, second, third, fourth, and fifth) (5) as within-subject factors. A Group (2) × Frequency (5) ANOVA was also performed to compare the mean slope of RIII-reflex TS across frequencies. For all analyses on RIII-reflex amplitude, 5 elderly subjects were excluded because of extreme values (\>mean + 3 SD) and because no simple transformation could normalize the distribution. Analysis of variance was also performed including those subjects and applying the Greenhouse--Geisser correction. To further insure that we would not miss an effect (type II error), nonparametric analyses including the 5 excluded subjects were also performed. A Friedman test was performed to test the effect of frequency on pain rating and RIII-reflex in each group. A Mann--Whitney *U* test was also performed (all subjects) to compare the 2 groups on the TS effects. These additional analyses confirmed the results. For each ANOVA, planned contrasts were used to test a priori hypotheses and decompose significant effects of frequency between groups. Sphericity was tested using Mauchly test, and type I error was controlled by adjusting the degrees of freedom using the Greenhouse--Geisser correction. Correlations were assessed using Pearson *r* correlation.

3. Results {#s3}
==========

3.1. Participant characteristics {#s3-1}
--------------------------------

Characteristics of participants are reported in Table [2](#T2){ref-type="table"}. Groups were comparable on education, pain catastrophizing, depression, state and trait anxiety, the similitude test, and RIII-reflex threshold. However, elders showed a lower pain threshold (*t*(34.2) = 2.3; *P* = 0.028) and lower scores for the digital symbol coding test (*t*(40.3) = 2.3; *P* = 0.028) compared with younger individuals. Table [2](#T2){ref-type="table"} also includes the analgesic effects produced by HNCS in the same participants, as previously reported.^[@R19]^

3.2. Heterotopic noxious counterstimulation {#s3-2}
-------------------------------------------

Results on HNCS analgesia were reported previously.^[@R19]^ A summary is provided in Table [2](#T2){ref-type="table"}. These results were used for the correlation analysis below.

3.3. Temporal summation of pain {#s3-3}
-------------------------------

Mean pain ratings are reported in Table [3](#T3){ref-type="table"}. Mean pain ratings of single-stimulus control trials were not significantly different between the 2 age groups (*t*(43) = 1.6, *P* = 0.12), indicating that individual adjustment of stimulus intensity based on RIII-reflex threshold yielded comparable pain intensity. However, pain ratings for the single-stimulus control trial progressively increased from the third control stimulus and for subsequent trials (*P*s \< 0.04), although no group difference was observed (*P* = 0.16). As for the TS effect (Fig. [2](#F2){ref-type="fig"}), pain increased gradually and significantly with the increase in stimulus frequency (main effect of Intensity: F(1.2,53.5) = 28.1, *P* \< 0.001, *η*^*2*^ = 0.39, observed power = 1.0). However, the frequency effect was not significantly different between groups (interaction: F(1.2,53.5) = 0.11, *P* = 0.79, *η*^*2*^ = 0.003, observed power = 0.06) (Fig. [2](#F2){ref-type="fig"}). For both groups (pooled data), planned contrasts showed pain TS at a frequency of 0.17 Hz (compared with the single-stimulus control trial), with increasing effects at higher frequencies (for all successive contrasts: *P*s \< 0.03). Considering the progressive increase in pain ratings reported above for the single-stimulus control trials, we confirmed that TS effects remained significant after controlling for this nonspecific temporal change using a covariance analysis. Indeed, all effects remained significant (*P*s \< 0.04).

###### 

Pain ratings and RIII-reflex amplitude.
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![Temporal summation of pain. The plot represents a comparison of pain ratings (y axis) of young and elderly participants relative to the single-stimulus control condition (100%) after the 5 stimulations administered at each frequency tested. Mean values and SDs of absolute pain ratings are reported in Table [3](#T3){ref-type="table"}. There was a significant effect of frequency and a significant increase for each condition relative to the control trials. However, the effect was comparable between groups (interaction *P* = 0.79) (planned contrasts with control trials: \**P* \< 0.05, \*\**P* \< 0.01 for pooled data from both groups; see main text for detailed statistical results).](jop-156-1945-g005){#F2}

3.4. Temporal summation of RIII responses {#s3-4}
-----------------------------------------

Mean *z*-scores of RIII-reflex amplitude for the different conditions and groups are reported in Table [3](#T3){ref-type="table"}. The mean RIII-reflex amplitude for the single-stimulus control trial was not significantly different between the 2 age groups (*t*(38) = 0.57, *P* = 0.56). However, it progressively decreased during the course of the experiment from the eighth trial and for subsequent trials (*P*s \< 0.01), although no group difference was shown (*P* = 0.81). An individual example is also presented in Figures [3](#F3){ref-type="fig"}A, B, showing a TS effect at 2 Hz. In this representative example, RIII-reflex amplitude progressively increased with stimulus repetition, although it saturated at the fourth repetition. As for group effects, a clear TS was observed for some of the frequencies, as illustrated in Figure [4](#F4){ref-type="fig"}. To examine these effects, RIII-reflex amplitude was compared across groups, frequencies, and stimulus rank. RIII-reflex amplitude increased with frequency (main effect: F(2.1,78.8) = 14.2, *P* \< 0.001, *η*^*2*^ = 0.27, observed power = 0.99). RIII-reflex amplitude also increased significantly from the first to the fifth stimulus of the series (main effect of stimulus rank: F(1.2,46.4) = 15.4, *P* \< 0.001, *η*^*2*^ = 0.28, observed power = 0.98), and this effect was significantly greater at higher frequencies (frequency × stimulus rank interaction: F(4.1,154.8) = 9.44, *P* = \< 0.001, *η*^*2*^ = 0.19, observed power = 1.0), indicating TS of RIII-reflex. However, RIII-reflex amplitude was not significantly different between groups across frequencies or stimulus rank (group × frequency interaction: F(2.1,78.8) = 0.43, *P* = 0.65; group × stimulation rank interaction: F(1.2,46.4) = 0.86, *P* = 0.38, *η*^*2*^ = 0.002, observed power = 0.16). In addition, the TS effect characterized by the interaction between stimulus rank and frequency was not affected by the age group (3-way interaction: F(4.1,154.8) = 0.67, *P* = 0.61, *η*^*2*^ = 0.001, observed power = 0.21). Considering the progressive decrease in RIII-reflex amplitude reported above for the single-stimulus control trials, we confirmed that TS effects remained significant after controlling for this nonspecific temporal change using a covariance analysis. Again, all effects remained significant (*P*s \< 0.001).

![Temporal summation (TS) of the RIII-reflex. (A) An individual example of a raw recording of the RIII-reflex showing TS at 2 Hz. The top row indicates the timing of the electrical stimulation. The second row shows the raw electromyographic signal, where a typical RIII-reflex is observed beginning at ∼90 milliseconds after each stimulus onset. The third row represents the root mean square of the electromyographic signal used to measure RIII-reflex amplitude. (B) In this graph, RIII-reflex amplitude is plotted using the geometric mean of the 3 trials at 2 Hz in the same subject shown in (A). The black line represents the linear best fit of the curve from which the TS slope was calculated. Note that responses are reported here as mean *t*-scores rather than *z*-score for display purposes only (ie, *t*-score = *z*-score (10 + 50); this has no effect on the inference tests) (see main text for detailed statistical results).](jop-156-1945-g006){#F3}

![Temporal summation of the RIII-reflex for the 5 frequencies, for young and elders. RIII-reflex amplitude increased with frequency. It also increased from the first to the fifth stimulus of the series, and this effect was significantly greater at higher frequencies. However, RIII-reflex amplitude was not significantly different between groups across frequencies or stimulus rank. In addition, the temporal summation effect characterized by the interaction between stimulus rank and frequency was not affected by the age group (\*\**P*s \< 0.01 for pooled data from both groups; see main text for detailed statistical results).](jop-156-1945-g007){#F4}

Analyses were also performed on the slope of the TS effect on RIII-reflex, as presented in Figure [5](#F5){ref-type="fig"} (for calculations, see "RIII-reflex measure and analyses" section). The slope increased significantly with stimulus frequency (main effect: F(2.2,83.2) = 18.6, *P* \< 0.001, *η*^*2*^ = 0.32, observed power = 1.0), but this effect did not differ between groups (interaction: F(2.2,83.2) = 0.98, *P* = 0.38, *η*^*2*^ = 0.025, observed power = 0.23). Planned contrasts revealed that the frequency effect was significant at 1 Hz and 2 Hz for both groups (pooled data) (*P*s \< 0.001). Although the observed slope tended to be larger for the older group at all frequencies except at 0.17 Hz, 2-sample *t* tests comparing groups at each frequency did not approach significance (all *P*s \> 0.16), confirming the lack of age effect.

![Slope of temporal summation effect. Comparison of RIII-reflex temporal summation slope for each frequency between groups. A significant effect of the frequency was observed, but this effect was not significantly different between groups. Error bars represent SEM (\*\**P* \< 0.01 for pooled data from both groups; see main text for detailed statistical results).](jop-156-1945-g008){#F5}

3.5. Correlations {#s3-5}
-----------------

Correlations were performed between TS effects on pain and RIII-reflex across subjects. Significant positive correlation was found at 1 Hz (*r* = 0.435, *P* = 0.005) and 2 Hz (*r* = 0.354, *P* = 0.025; other frequencies: *r* \< 0.19, *P* \> 0.24). To examine the possibility that individual differences in TS would be related to changes in the efficacy of pain inhibitory processes due to aging, correlations between HNCS analgesia and TS effects on pain and RIII-reflex were performed. No correlation was observed between HNCS analgesia and TS effects for any of the frequencies on pain (*r*s \< 0.07, *P*s \> 0.9) and RIII-reflex (*r*s \< 0.13, *P*s \> 0.40).

4. Discussion {#s4}
=============

In this study, no evidence of age-related difference in pain and RIII-reflex TS was observed, infirming our first hypothesis. Indeed, robust TS of pain ratings occurred comparably in both young and elders. Similarly, robust TS of RIII-reflex was observed at frequencies of 1 and 2 Hz with no significant difference between groups. In contrast to our second hypothesis, individual differences in TS were not associated with age-related changes in HNCS analgesia. This suggests that mechanisms of pain and RIII-reflex TS are not affected by aging or the associated decrease in HNCS analgesia, when assessed with electrical stimulation of the sural nerve.

4.1. Age effects on temporal summation {#s4-1}
--------------------------------------

Previous studies assessing age-related effects on pain TS report conflicting results. These studies can be sorted into 3 categories based on stimulus modality. The first category comprises studies using electrical stimulation that evokes the RIII-reflex and includes this study as well as 2 earlier studies. In one of the earlier study, elders showed pain TS at a lower frequency (from 0.2 Hz) compared with young participants (from 0.33 Hz).^[@R6]^ However, no group difference was observed in TS of RIII-reflex. In the second study, an age-related decrease of pain and RIII-reflex TS threshold at 2 Hz was shown but with a negligible quantitative impact.^[@R22]^ In this study, no age-related effect was observed for either pain TS or RIII-reflex TS. The common result between this study and the study by Farrell and Gibson is the lack of age effect on RIII-reflex TS. This suggests that enhancement of spinal nociceptive transmission and the associated motor response during TS is unaffected by aging. Like TS of the RIII-reflex, pain TS is thought to rely on a spinal mechanism that involves increased responses of second-order neurons.^[@R14]^ However, pain amplification may also occur in the brain independently of spinal processes during TS. This could explain that pain TS may occur without TS of the RIII-reflex, as reported in the earlier study.^[@R6]^ This could be examined using a measure of brain activity^[@R28],[@R31]^ in addition to RIII-reflex recording. The lack of group differences in pain TS in this study is unlikely to be explained by a power issue (see curves overlap in Fig. [2](#F2){ref-type="fig"}). Besides, the discrepancy between these studies may be due to the different pain rating methods (numerical rating here and visual analog scale in [@R6]). However, in a study on age differences in postoperative pain, age-related effects were scale dependent, where verbal descriptions of pain qualities were more sensitive than nonverbal measures of intensity.^[@R8]^ Therefore, the lack of age effect in this study is unlikely to be explained by lower sensitivity of the pain rating scale.

The second category of studies on aging and TS comprises 2 studies using mechanical stimulation.^[@R16],[@R24]^ These studies reported no effect of age on pain TS regardless of the stimulation site, which is consistent with the present results.

The third category includes 3 studies using noxious heat stimulation.^[@R4],[@R16],[@R24]^ In these studies, pain TS was enhanced in elders when heat was applied on the forearm. However, 2 of these studies showed less or comparable TS between young and elders when heat was applied on the lower limb,^[@R10],[@R24]^ suggesting a site-dependent effect. This is consistent with a similar site-dependent effect on heat pain threshold in elders.^[@R17]^ These site-dependent effects could be explained by subclinical axonopathy, more frequently observed in the lower limb in elders.^[@R29]^ Another study reported a lower temperature threshold for TS in elders, in which pain TS was observed at 47°C, 50°C and 53°C, whereas in young participants, pain TS was observed at 53°C only.^[@R4]^ This is also consistent with increased TS in elders. Altogether, these studies on the effect of aging on TS show quite mixed results. These discrepancies may reflect the multiplicity of physiological mechanisms underlying aging and TS, which may or may not be involved during a specific TS protocol, depending on the methods used.

4.2. Possible mechanisms of temporal summation {#s4-2}
----------------------------------------------

In previous studies, experimental protocols for the investigation of TS involved different stimulus modalities, which activate different primary nociceptive afferents. Noxious heat stimulation protocols activate Aδ and C fibers, but more predominantly C fibers. Electrical stimulation is a nonspecific stimulation that potentially activates all types of fibers with smaller nonmyelinated C fibers being recruited at higher intensity. However, electrical stimulation allows the measurement of the RIII-reflex, which latency corresponds to the activation of Aδ fibers.^[@R26]^ Although C fibers do not contribute directly to the RIII-reflex, they may change the excitability of neurons also involved in the production of RIII-reflex TS.^[@R27]^ Mechanical stimuli as used in TS studies activate skin and deeper tissues and may activate Aδ and C fibers. The differential activation of nociceptive fibers by different modalities may therefore explain some of the discrepancies reported earlier, but it remains challenging to associate age effects with the function of specific fibers without a selective stimulus. Nevertheless, there are some indications that the function of specific fiber groups may be affected by age, leading to selective age-related changes in pain perception or modulation. For instance, previous studies reported peripheral changes in the aging somatosensory system where older adults likely depend more on unmyelinated C fibers than myelinated Aδ fibers for sensory functions.^[@R12],[@R32]^

Besides, TS of second pain from repetitive heat stimulation is thought to rely on C fibers.^[@R33]^ Thus, the age-related increase in heat pain TS observed in 3 studies may depend on spinal processes more specifically driven by the activation of C fibers.^[@R4],[@R16],[@R24]^ Consistent with this, protocols that involve the activation of Aδ fibers more predominantly^[@R16],[@R19],[@R24]^ did not report age-related changes in TS. The RIII-reflex TS was comparable between groups in the 2 studies performed with these methods, including this study and the study by Farrell and Gibson.^[@R6]^

In addition, animal studies showed a reduction of skin nociceptors and a slowing of conduction velocity with aging in rats.^[@R30]^ In humans, several changes were observed with aging in a microneurographic study, including a decreased ratio of mechanoresponsive to mechanoinsensitive nociceptors, increased number of fibers with spontaneous activity, peripheral sensitization in some fibers, and fibers that lost sensory function.^[@R21]^ All these changes may also contribute to the effect of age on TS in a complex manner and to discrepancies between studies.

Concerning the role of descending modulatory pathways, several studies reported reduced endogenous inhibition of pain in elders.^[@R5],[@R13],[@R19],[@R25],[@R35]^ In this study, we examined whether the previously reported decrease in HNCS analgesia^[@R19]^ was associated with increased TS. In contrast to our hypothesis, no age-related change in TS was observed for either pain or RIII-reflex. In addition, the decrease in HNCS analgesia in elders was not associated with individual differences in TS. This indicates that alteration of mechanisms underlying HNCS analgesia does not lead to increased TS. However, this does not exclude the possibility that increased TS of heat pain, as reported in previous studies,^[@R4],[@R16],[@R24]^ may be related to the alteration of mechanisms underlying HNCS analgesia (eg, diffuse noxious inhibitory control) or other pain-modulatory pathways. This remains to be clarified in future studies.

4.3. Study limitations {#s4-3}
----------------------

A basic limitation of this study is the possible bias in the selection of participants in the healthy elderly group. The elders were recruited mostly through a registry of healthy individuals at our Geriatric Research Center. They were generally well educated, active, and free of disease, which may not be an accurate reflection of the older population. This is a limitation inherent to most cross-sectional studies of healthy aging comparing the target population with younger controls. A longitudinal design would be ideal, but this obviously poses major feasibility difficulties. Another limitation is the use of a single stimulation modality. More studies varying stimulus modalities and sites are needed to understand age-related changes in pain TS and their relation to pain-modulatory mechanisms.

5. Conclusions {#s5}
==============

This study is the first that investigates the relationship between age-related changes in TS and the antinociceptive effects of HNCS, using a measure of spinal nociceptive transmission. Results show no age-related difference in TS on either spinal nociceptive transmission or pain perception. In the same participants, we previously showed an age-related effect on HNCS-induced reduction of pain and RIII-reflex. Combined with previous studies on heat pain TS and HNCS analgesia, the present results suggest that aging is accompanied by reduced efficacy of inhibitory processes and preserved facilitation of pain and spinal nociceptive responses.
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